The environmental consequences of planning decisions are often undervalued. This can result from a number of potential causes: (a) there might be a lack of adequate information to correctly assess environmental consequences; (b) stakeholders might discount the spatial and temporal impacts; (c) a failure to understand the dynamic interactions between socio-ecological systems including secondary and tertiary response mechanisms; or (d) the gravity of the status quo, i.e., blindly following a traditional discourse. In this paper, we argue that a Planning Support System (PSS) that enhances an assessment of environmental impacts and is integral to a community or regional planning process can help reveal the true environmental implications of scenario planning decisions, and thus improve communal planning and decision-making. We demonstrate our ideas through our experiences developing and deploying one such PSS-the Land-use Evolution and impact Assessment Model (LEAM) Planning Support System. University of Illinois researchers have worked directly with government planning officials and community stakeholders to analyze alternate future development scenarios and improve the planning process through a participatory, iterative process of visioning, model tuning, simulation, and discussion. The resulting information enables an evaluation of alternative policy or investment choices and their potential environmental implications that can change the way communities both generate and use plans.
Introduction
It has been suggested that among other attributes, good urban planning might function as a publicly-driven counterweight to potential market failures [1] . Similarly, as a specific planning disciplinary area, environmental planning might be viewed as a tool to counteract market forces that tend to result in environmentally unsustainable developmental patterns. For example, in a self-optimizing free market, no one will pay to avoid environmental externalities, especially those that are difficult to pin down or happen at stochastic spatial or temporal scales-unless there are planning or regulatory frameworks in place. These types of frameworks usually depend on environmental assessment processes and/or tools to uncover the environmental impacts of development or investment decisions and use planning-related measures to offset them [2, 3] . In a typical planning process however, these assessments are usually poorly derived, poorly understood, and poorly applied. This can result from a number of potential issues. For example, there might be a lack of adequate information to correctly assess environmental consequences, or stakeholders might discount the spatial and temporal implications of the impacts. There may also be a failure to understand the dynamic and complex interactions between socio-ecological systems including secondary and tertiary response mechanisms. Finally, it might be that the gravity of the status quo, i.e., blindly following a traditional discourse, is the easiest and most compelling route for an un-informed group of stakeholders.
In this paper, we argue that if interpretations of environmental impacts are not comprehensively derived and sufficiently exposed to stakeholders, the true costs of development and investment decisions remain masked and will result in massive inefficiencies and ultimately environmental failure. We make this point by looking at environmental market failures within a planning context and the potential for planning support systems to counteract these failures. We do this by first connecting the literature on environmental market failures to planning practices (Section 2) in order to understand how these failures are typically manifested in planning-related processes. In Section 3, we suggest three steps that might be incorporated into the planning process in order to counteract these failures. These steps include: (1) a better understanding of the environmental issue; (2) providing more useful information to stakeholders; and (3) using planning processes to tackle spillover effects. In Section 4, we propose that the use of Planning Support Systems (PSS) can help support these steps. To illustrate the ideas in real-world planning practices, we introduce the implementation of the University of Illinois' Land-use Evolution and impact Assessment Model (LEAM) PSS in three application and deployment cases: Peoria, IL, St. Louis, MO, and McHenry County, IL. In each case, we demonstrate how the LEAM PSS was used to inform specific planning decisions in response to potential environmental systems degradation. In Section 5, we conclude the paper with a general discussion and conclusions on our ideas and lessons learned, including a brief discussion on the future of PSS technology in environmental assessment.
The Realization of Environmental Market Failures in Planning
In the literature on environmental market failures, environmental impacts are often considered undervalued; typically described as an externality or side effect instead of a primary or secondary cost [4] The consistent undervaluation of environmental costs often results in suboptimal decisions for individuals, organizations, or markets as a whole [4, 5] . The root causes of these environmental market failures are difficult to pin down, although they are typically attributed to information imperfection, global externalities that do not affect local benefits, and/or complicated coordination of technology and ecological innovation. Andrew [5] points out that when market participants have sparse or uneven information, sub-optimal decisions are likely to ensue. This suggests that if information on environmental impacts are not known, market participants in routine development decisions are likely to generate environmental market failures [5] [6] [7] .
Brueckner [7] considers planning as a potential remedy to the problem. We agree. We generally argue however, that if the environmental impacts of development are not sufficiently estimated, trusted, and/or objectively derived, planning will be unable to overcome the negative environmental impacts of market-driven forces. We also recognize that environmentally driven planning approaches can lead to undesirable and unintended environmental failures if done in a poor or incomplete way [7] [8] [9] . In the following, we discuss four potential ways in which urban planning typically fails to realize the true environmental implications of development or investment decisions (as noted above): (1) a lack of adequate information; (2) stakeholder spatial or temporal discounting; (3) a failure to understand the dynamic interactions between socio-ecological systems; or (4) the gravity of the status quo.
A Lack of Adequate Information to Correctly Assess Environmental Consequences
In the literature on market failures, imperfect information or information inefficiency are potential causes of failure. These are usually a product of asymmetric or incomplete access to information [5] . This means that certain types of information may be inaccessible to one party but not another, producing an asymmetrical transaction. An often used example is the used car market, where a seller of a used vehicle has much better information on the car's condition than a potential buyer. In this case the failure is due to the asymmetry of the information available to each side of the transaction causing a potential over-valuation of the vehicle's worth by the buyer. In planning and development projects, imperfect information is usually the result of information availability rather than asymmetry. This occurs when a complex development issue is difficult to assess or understand so that decisions are made based on incomplete information. This is especially true in the case of environmental impacts, where the issues may not be well defined, or even understood by the stakeholders or planners involved in the process-giving rise to suboptimal decision making and ultimately the host of environmental failures we currently see in our urban systems.
He et al. [10] point out that a persistent failure to deliver environmentally sustainable development solutions is closely linked to the separation of environmental assessment from the typical urban planning process. We suggest that insufficient adoption of environmental assessment is only part of the picture. A more essential problem is that most environmental assessment does not take full account of the environmental impacts of development. So that even when it is considered a part of a planning and development decision process, the delivery of incomplete information on impacts can lead to highly probable failure. For example, in a typical environmental assessment, a commercial development that engulfs a patch of agricultural land might associate the implications of the transaction only in terms of the primary impacts produced by the development (site-related impacts) or the loss of agricultural lands, which can be more regional in scope. If however, the development is proximal to ecologically sensitive areas, the development could have enormous ecosystem service impacts. This typifies hidden environmental costs that are often neglected by traditional environmental assessments.
A Failure to Understand the Dynamic Interactions between Socio-Ecological Systems including Secondary and Tertiary Response Mechanisms
Holmberg and Karl-Henrik [9] proposes that the non-linearity of markets often confound plans intended for sustainable development. For example, in the Laguna West master planned community in Sacramento County, CA, new urbanist and sustainable design principles were used as a basis for the development. Despite rigorous planning and analysis however, when the community began opening, the market for units in the community rose at a startling rate and subsequent phases subverted the planned economic diversification and many sustainability-oriented goals [11] . Such market-driven complexities can easily lead to a host of unexpected failures and shortcomings.
The general complexity of urban systems further undermines our ability to evaluate the real environmental costs of planning decisions. Urban planning problems are often referred to as "wicked problems" that are "inherently different from the problems that scientists and engineers deal with" [12] . Science and engineering-based approaches however, often deal with only primary impacts and fall way short of robust outcomes when applied to such wicked complexity. The non-linearity of future urban development patterns, and dependencies among developmental decisions often overwhelm the analytical capacities of typical environmental assessments, especially (most of) those that use static assumptions [13] . This difficulty in assessing secondary and tertiary (latent) impacts leads to incomplete information and confusion, which ultimately leads to environmental failure.
Stakeholder Discounting of Spatial and Temporal Environmental Impacts
Secondary and tertiary environmental costs typically spill over long spatial distances and trickle into distant futures. These long distances and time lines can lead to the problem of discounting. Discounting occurs when a value is subjectively lowered because it is removed or distant in terms of time, space, or socio-cultural relationships. Discounting is an important concept when discussing environmental sustainability (and climate change). Essentially the argument is that we should not discount the value of environmental resources (i.e., a healthy climate) for future generations because it will be just as valuable to them in 50 years as it is to us today. However, Fall [14] argues that we cannot predict how future generations will value environmental resources and that environmental crisis could alter the discount rates and slow the rate of environmental damage. Weitzman [15] presents a deductive argument for valuing environmental resources with a low discount rate for long-term planning projects showing that they are theoretically likely to produce the best return on investment. Hoel and Sterner [16] take this argument a step further and argue that the rising scarcity of environmental goods will also increase the relative cost and have direct effects of the discount rates. The idea of devaluing costs that are removed from a particular context in terms of space or time is a central problem in planning because it strikes at planning's very purpose: to adequately account for the costs associated with policy and investment strategies (i.e., plans) made within that context.
Berke and Conroy [6] argue that although plans are always linked to global concerns, "local plans should acknowledge that communities function within the context of global (and regional) environmental, economic, and social systems". Empirical data suggest that those links do not always lead to actions; that stakeholders tend to overlook and discount the spatial and temporal environmental costs of their plans. They further point out that the high discount rates that undervalue environmental costs with spatial and temporal distance help create plans with severe environmental impact spillovers. We argue that stakeholder discounting plays a large role in this phenomenon.
2.4. The Gravity of the Status Quo, i.e., Blindly Following a Traditional, Growth-Oriented Discourse Some developers, businesses, and even some communities profit by maintaining the historical, developmental pattern status quo. Some argue that these patterns have typically been put in place at a time of 'unawareness' of their environmental implications [6, 9] . Patterns of sprawl development for example, were started before their social, health and environmental ramifications were well known. In other words, some historic patterns may no longer be favorable when their associated environmental costs are assigned. Another useful example is energy production; much of our fossil-based energy infrastructure was developed before the actual costs of carbon emissions were known [5] . Now that we have a better sense of their true costs however, some of the infrastructure used in the energy industry is no longer viable. Similarly, urban development patterns continue to follow the sprawling, growth-oriented path initiated during the 1950s that make it increasingly difficult to bring our cities within what is considered ecologically sustainable and equitable [9] .
In the sustainable design literature, Strategic Sustainable Development (SSD) is a proposed method that might tackle the complexity and uncertainties associated with sustainable developmental policies and thereby challenge the status quo [10] . SSD incorporates a set of techniques including life cycle analysis, indicator development, natural capital accounting, forecasting, emissions analysis, and backcasting to provide more accurate environmental assessment to current developmental trends and policy scenarios.
In summary, we suggest that in an urban planning context, environmental market failures might be attributed to a lack of knowledge of environmental impacts, a lack of understanding of secondary or tertiary impacts, and decision interactions, poor communication between spatially spread stakeholders, and a poor understanding of alternatives from current developmental paths. In the following section, we consider approaches to addressing these shortcomings through the use of spatially explicit Planning Support Systems (PSS). We posit that PSSs can help engage environmental decision-making in planning by providing more critical and useful information on the environmental implications of development decisions thereby helping stakeholders avoid planning-related environmental failures.
Improving Planning Decisions with PSSs
The use of PSSs is a relatively new addition to a long-running and persistent discourse on the role of technology in urban planning and policy-making [17, 18] . One of the first comprehensive looks at planning PSS was assembled by Brail and Klosterman in 2001 [19] . Brail later writes more specifically on large-scale urban modeling systems [17] . Geertman and Stillwell followed, documenting best practices in PSS technology [18] with an update on the state of art in 2009 [20] . More recently, the emphasis has shifted to the management of information needs [21] [22] [23] , use-based systems [24, 25] , and web-based strategies of information retrieval and delivery [23, 26] . More recent conceptualizations also include Michael Batty's "Smart City" [24] , described as "a fusion of ideas about how information and communications technologies might improve the functioning of cities". The idea revolves around the need to coordinate and integrate technologies that have synergies in operation but have been developed as separate entities-much like what now might be considered a PSS.
One specific element typical of some spatially explicit planning Support Systems (PSSs), is a Land-Use Change (LUC) modeling core. These models are usually built with an intention to help planners and decision makers better understand spatial data, the dynamics and complexity of urban development patterns, and in some cases assess the impacts that changing urban patterns have on environmental, economic, and social systems. Although it has been more than 30 years since Cellular Automata (CA) technologies were tested in the development of these spatially explicit modeling cores [25] , and more than 20 years since urban planners begin to adopt and adapt LUC models to develop first generation PSSs [27] , these models have only recently become adaptable enough to be operationally used in support of planning.
Reveailing Environmental Costs through PSSs
Pioneers have now pushed PSS LUC model prototypes out of research labs and have begun to package the LUC models into operational applications with visual and online user interfaces. The Landuse Evolution and impact Assessment Model [28] , WhatIf [29] , and UrbanSim [30] are among three of the best operational examples in the US. These PSSs aim to enable non-experts with an ability to input data, operate, localize, and test their PSS LUC models with future potential scenarios, in some instances through web-based portals with simple mouse clicks. Some of these models are close to realizing this ideal (LEAM included). In our opinion however, in order to fully take advantage of the enormous benefits of PSSs within a structured planning process, a connection to knowledgeable modelers and planners is needed. These experts can: (a) facilitate the process and the technology needed to guide communities in applying the tools efficiently and effectively; (b) ensure the quality of PSSs inputs and outputs; (c) explain the implications of modeled outcomes (to non-technical audiences); and (d) they can help suggest implementation strategies in backcasting [9] and scenario analysis exercises. Generally, however, we believe these tools are fundamentally important for countering environmental market failures.
As previously noted, many hidden environmental costs are the result of a weakness in uncovering secondary (or tertiary) environmental impacts. This is compounded by an inability to understand the dynamics and interactions in and between impacts. LUC and PSS technologies are an effective means for addressing these issues. Spatially explicit PSSs bring together LUC models in an information delivery system (visualization interfaces) to provide planners and communities with critical knowledge of various dynamic systems and interactions that can facilitate more effective communicative planning approaches [19] . Infusing critical (environmental) knowledge to stakeholders and making (larger scaled) information available can engage a larger stakeholder group, that is capable and interested in understanding common environmental spillovers. The ready availability and democratization of information can also coerce communities and individuals to address the environmental externalities of their actions. Environmental impact information infused into public discussion through PSS technologies can also enable a more effecting weighing of the trade-offs that might emerge between economic benefits and environmental costs.
In addition, some planning and analysis techniques are greatly improved by PSS technologies [26, 31, 32] . The ability to easily perform backcasting analysis for example, can help plan-making processes achieve outside-the-norm envisioned, preferred futures rather than depending on a projection from the status quo perspective. These kinds of techniques are important for breaking historic, unsustainable, path dependent developmental patterns.
Given the potential of PSSs to aid urban planning in uncovering hidden environmental costs, the question becomes how these PSS tools become ubiquitous to real-life planning practices. The University of Illinois and the Landuse Evolution and impact Assessment Modeling Laboratory has had some success in operationalizing and implementing their Planning Support System in a variety of regions worldwide, most notably and successfully in the Midwestern US. In the following sections, we describe several examples of the LEAM operationalization process. These examples help to reveal some substantive ways in which the LEAM PSS has impacted the planning and policymaking and in the process helped to alleviate environmental market failures. First, through use-based PSS development and implementation. Next, by helping to counteract potential market distortions through useful information development and dissemination. Finally, through an ability to integrate seamlessly and positively affect the process of environmental assessment in the process of plan making. We also propose a future vision of PSS technologies that evolve from user-driven to user-awareness. We suggest this will enable them to be even more effective in practical environmental planning implementation.
The LEAM PSS
The need in planning and policy making to answer both 'what-if' and 'so-what' questions is fundamental to the LEAM PSS framework. The PSS consists of two major organizational parts: (1) a Land-Use Change (LUC) model-defined by a dynamic set of sub-model drivers that describe the local causality of change and enable an ability to test and play out potential 'what-if' scenarios; and (2) impact assessment models that facilitate interpretation and analysis of the modeled future land-use changes depending on local interest and applicability-these help to assess 'so-what' questions and explicate the potential implications of a modeled scenario.
LEAM LUC model utilizes a hybrid Cellular Automata (CA) approach. Similar to CA, LEAM utilizes a structured lattice surface (cells) with state-change conditions that evolve over time. The lattice is shaped by biophysical factors (such as hydrology, soil, geology and land form), and socioeconomic factors (employment, household structure, administrative boundaries, and planning areas). These factors, when taken in combination, provide a contoured lattice with high and low spots that represent each cell's probability of potential change in land use. Probabilities are predicated on local interactions (e.g., the accessibility of the cell to a given attractor), global interactions (e.g., the state of the regional economy), and other mechanisms of causation (e.g., social forces). Specific rules can be applied and tested. Controlling the constraints in the rule set can be used to produce diverse sets of planning scenarios. Unlike other large-scale efforts, LEAM works at a finely scaled resolution (30 × 30 m) that includes cell-based micro models. This enables loosely and tightly coupled linking with other models that might operate at a different spatial scale, including regional macro socioeconomic models and transportation infrastructure and demand. The effect is that a wider range of potential 'what-if' scenario sets can be tested and assessed [26] LEAM has been both tightly and loosely coupled with other models that operate at various spatial and temporal scales including: economic forecasting models [33] , bi-directional travel demand models [34] ; ecosystem service models [34] ; water quality models [35] ; water quantity models [36] ; and social cost models [37] . Coupling these models with LEAM dynamics and making the information useful through a 'use based' implementation process has helped decision makers make sense of the complex interactions between urban change and environmental systems.
The LEAM Use-Based PSS Implementation
In the LEAM implementation process, the LUC model evolves as an iterative process of data collection, model building, dialogue, visualization, and general presentation and access. Local planners, policy makers and stakeholders (convened by local planning entities and identified broadly as possible) provide feedback and input about the local salience and value of any given simulation. This feedback is gathered regularly and begins at project inception. It is used to more effectively capture the local condition, to provide a better local version of the tool and to inform local stakeholders about the tool and its uses. This form of use-driven modeling and system development, which takes place in very public forums, is what most distinguishes the LEAM approach [22] . The feedback and local dialogue elements are critical in the creation of useful PSS tools especially in terms of overcoming market distortions. Constant internal and external review and interaction are critical to informing both the modeler and the local stakeholders of modeled changes, improvements and scenario outcomes. Presenting this use-driven approach in publically accessible PSS visualization portals helps provide another layer of feedback and interaction. Consensus building is performed and achieved using typical planning procedures (see [29] for a more detailed discussion on use-based modeling and consensus building).
In applying this use-based model process we have found that LEAM can influence decision-making through various pathways [29] . In the following, we describe some specific pathways and their effect on the plan-making process in past LEAM applications. The three cases presented below: Peoria, IL, St. Louis, MO, and McHenry County, IL represent three ways in which the LEAM PSS has made significant impacts on the practice of planning. These include: counteracting distortions, facilitating dialogue, and integrated plan making for challenging the status quo.
Counteracting Distortions in Peoria, IL
Planning decisions take place over extremely long periods of time-sometimes involving different generations, over large distances. This raises questions of inter-generational and geographic equity. As noted previously, this is compounded by the fact that planning decisions have complicated spatial interactions and environmental impacts that are often secondary, or even tertiary. Environmental costs may accrue in one form, to one generation, in one part of the geography (community, state, nation, world); while the benefits accrue in a different form, for a different generation, in another part. Delivering objective, unbiased and apolitical information can help counteract these types of phenomena that can emerge in typical public planning processes [38] .
Many of these issues are the result of an under-estimation of environmental impacts that are sometimes the result of information distortions. Information distortions are usually the product of local knowledge that is deeply situated in the web of accepted norms, meanings, and beliefs. If incorrect (distortions of actual causal relationships), their locally embedded nature makes information distortions difficult to overcome with traditional planning communication processes [39] . If left uncorrected, they can lead to problematic conclusions in public discussions. One example can be seen in local and personal discounting discussed above.
In our work, we argue that providing an ability to objectively test and evaluate current and future conditions can be a powerful tool for counteracting potential local distortions and poorly considered discounting that leads to costly future consequences. In an early LEAM application in Peoria, IL we helped provide those objective arguments for local and regional planners in a simple example.
In the early 2000s, the three counties surrounding Peoria, Illinois (Woodford, Tazwell, and Peoria) were witnessing significant conversion of very fertile and productive agricultural land to residential and commercial land-use. There was a distinct sense of unease about this trend, although there was no specific analytical proof for its existence. Woodford County in particular, was concerned about its agricultural heritage. The county outlined several strategies for preserving agricultural land. One particular strategy required a change in the county zoning ordinance that would require 40-acre minimum lot size on current agricultural lands. At roughly the same time in a regional planning exercise, a number of simulations of future land-use change were being run for the tri-county region and reviewed and critiqued in public workshops [31] . These simulations established the extent and spatial distribution of future growth in a business-as-usual scenario described through maps and depictions of the impacts of this growth. Other scenarios explored included higher and lower growth rates and various public investments and policy ideas, including the proposed ordinance change in Woodford County. Figure 1 shows expected land-use outcomes in a 'business-as-usual' scenario. After our simulation, we used the land cover data provided by the county's planning board to assess loss of agricultural and ecological lands associated with future growth using 30-by-30-m resolution.
To discuss the simulation results, local planners held two big meetings and several smaller focused group meetings. Stakeholders involved in those public discussions included staff from Illinois Department of Natural Resources, citizens, non-government organizations (NGOs), local planners, and government entities. Public discussions on the 40-acre zoning requirement scenario revealed that the ordinance change would reduce consumption of agricultural land as intended but would also bring with it unexpected regional consequences. Compared to the business-as-usual scenario, the amount of agricultural land lost to development over thirty years with the proposed ordinance change dropped from 10,000 acres to 7000 acres. This was expected. Unexpectedly, when the proposed ordinance was included in a simulation, new development that would have been located in the agricultural area moved to environmentally sensitive bluffs along the Illinois River, resulting in the loss of 12,500 acres of forestland (Figure 1 ). This revelation changed perceptions of the proposed ordinance and the ordinance was put on hold until a ravine overlay district focused on protecting the river bluffs was put in place.
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revealed that the ordinance change would reduce consumption of agricultural land as intended but would also bring with it unexpected regional consequences. Compared to the business-as-usual scenario, the amount of agricultural land lost to development over thirty years with the proposed ordinance change dropped from 10,000 acres to 7000 acres. This was expected. Unexpectedly, when the proposed ordinance was included in a simulation, new development that would have been located in the agricultural area moved to environmentally sensitive bluffs along the Illinois River, resulting in the loss of 12,500 acres of forestland (Figure 1 ). This revelation changed perceptions of the proposed ordinance and the ordinance was put on hold until a ravine overlay district focused on protecting the river bluffs was put in place. Initially, any negative consequences of the proposed ordinance appear to have been discounted. Once people saw the simulations and understood the consequences of the proposed ordinance, this discount rate was substantially decreased to the point that protecting the bluffs became a higher priority.
It appears from the above case that explicating and elaborating on the future consequences of various public policy and investment choices may alter the extent to which these consequences are discounted by stakeholders in public deliberations. When future consequences are vaguely known and ill-defined, they are easily discounted. When potential consequences are represented in tangible and objective ways however, they make the familiar unfamiliar, they challenge habitual ways of thinking, and question what appears evident and taken for granted [40] . In short, they can counteract normative distortions.
Facilitating Dialogue with the St. Louis Blueprint Model
PSSs can assist planners in convening local stakeholders to discuss and validate environmental assessment results and in the process arouse a regional consciousness of the potential spatial and temporal spillover of environmental impacts. Geertman [41] points out that PSS tools can enhance participatory planning processes, because "a greater degree of access to relevant information will lead to the consideration of a greater number of alternative scenarios-which in turn will result in a Initially, any negative consequences of the proposed ordinance appear to have been discounted. Once people saw the simulations and understood the consequences of the proposed ordinance, this discount rate was substantially decreased to the point that protecting the bluffs became a higher priority.
PSSs can assist planners in convening local stakeholders to discuss and validate environmental assessment results and in the process arouse a regional consciousness of the potential spatial and temporal spillover of environmental impacts. Geertman [41] points out that PSS tools can enhance participatory planning processes, because "a greater degree of access to relevant information will lead to the consideration of a greater number of alternative scenarios-which in turn will result in a better informed public debate". One project that exemplifies this idea is the application of LEAM to the two-state, eight-county region around St. Louis, Missouri (MO) [32, 42] . In this project, we coupled various other models with LEAM to analyze the potential impacts of the land-use change results. Two in particular were a four step transportation model (that utilized over 2200 Transportation Analysis Zones, TAZ) to calculate travel time changes for each scenario, and a regional economic input-output model (conducted on a household level) that provided demand for space and assessed economic implications.
In 2003, the East-West Gateway Coordinating Council (the Metropolitan Planning Organization and Council of Governments for the St. Louis region), began to use LEAM (in a version later called the Blueprint Model) as a platform for encouraging a regional dialogue on issues of economic development, social equity and environmental sustainability. Instead of initializing the process with a lengthy model-building exercise, the initial focus was set on quickly producing a set of simulations. This quick-start process served two purposes: to quickly begin the process of engagement and build interest; and to collect information from the local stakeholders on the state of the local condition for adapting LEAM model to fit local conditions. These early simulations were subjected to public scrutiny in workshops, meetings and other public forums. Participants in these forums provided valuable insights into the dynamics of urban LUC in the region and a direction for future modeling efforts. Conducted on an annual basis, they also provided an excellent platform for dialogue among participants.
One early critique of the preliminary LEAM simulations presented was aimed at the way in which new development was being distributed across the two sides of the Mississippi River-the Illinois on the east, the Missouri on the west. Preliminary simulations showed considerable new developments in Illinois relative to Missouri; at the same time, the central business district (CBD) is in Missouri and has historically seen the bulk of new development. These simulations utilized posted travel speeds and did not take into account the difficulty of crossing the Mississippi River from Illinois into the CBD. When congested speeds were used to measure travel time (taking into account how traffic congestion makes portions of the region more or less attractive), simulated development shifted from Illinois to Missouri. A major factor was the effects of congestion on bridges and the approaches to them (bridges represent severe choke-points with very little opportunity for alternative routing). In the regional dialogue, this outcome highlighted the critical role played by bridges in the distribution of new development across the region.
The construction of a new Mississippi River bridge had been the subject of planning studies, preliminary design and environmental impact analysis for over 20 years in the region. A concerted civic and political effort to secure earmarked federal funding was only partially successful. The resulting funding shortfall called into question the original bridge proposal and how it would be implemented. Alternatives considered included covering the shortfall with a toll and constructing less expensive alternatives such as enhancing the capacity of an existing bridge; there was no regional consensus on the way forward. Facing a stalemate on the issue, the regional planning organization, the East-West Gateway Council of Governments (EWGateway) took the lead and sought to inject an analytical basis into the regional debate. In order to do this, however, it became crucial to go beyond traditional cost-benefit analyses and to jointly simulate and analyze future transportation and land-use consequences of the different choices.
Numerous simulations were created by coupling LEAM with a regional econometric input-output model (LEAMecon) and a regional travel demand model (TransEval). The land-use, economic and transportation outcomes in the simulations, and those of a baseline 'No-Build' simulation, were the basis for comparisons. Aggregate differences appear to be slight: building the bridge appears to slightly increase development in Illinois aggregating to the county level masks greater change: while building the bridge facilitates greater land development in the Illinois side of the region and takes away from development on the Missouri side of the river, there are significant differences in development at the local level. EWGateway convened three big public meetings and tens of smaller meetings to discuss the simulation results. As might be expected, discussions around these simulations were quite intense. Outcomes appeared counter-intuitive; imposing a toll on the bridge increased total travel times in the region. Working through the complex interactions suggested a striking explanation; the toll was diverting traffic to the other bridges across the river that do not impose a toll, increasing congestion on these bridges, and increasing travel times. This explanation brought into question the wisdom of using a toll to cover the budget shortfall. There were other insights generated: patterns of land use are likely to change if additional river crossings are built, therefore cooperative land-use policies and controls must be put in place in these areas to manage these impacts. Ultimately, however, only slight differences were uncovered even though the magnitude of the investment required for each of the scenarios tested was very different. This suggests that perhaps the lowest cost alternative is preferable, but it also suggests that demand-side tactics, such as investing in a better regional jobs-housing balance, might be more cost effective.
In this case, the LEAM PSS assisted planners in convening local stakeholders to discuss and validate each bridge scenario and their potential implications. The user-based process clearly facilitated a regional dialogue and aroused a regional consciousness of the potential spatial and temporal spillover effects. The process also helped challenged conventional thinking about the fundamental needs and benefits of the proposed investment. EWGateway convened three big public meetings and tens of smaller meetings to discuss the simulation results. As might be expected, discussions around these simulations were quite intense. Outcomes appeared counter-intuitive; imposing a toll on the bridge increased total travel times in the region. Working through the complex interactions suggested a striking explanation; the toll was diverting traffic to the other bridges across the river that do not impose a toll, increasing congestion on these bridges, and increasing travel times. This explanation brought into question the wisdom of using a toll to cover the budget shortfall. There were other insights generated: patterns of land use are likely to change if additional river crossings are built, therefore cooperative land-use policies and controls must be put in place in these areas to manage these impacts. Ultimately, however, only slight differences were uncovered even though the magnitude of the investment required for each of the scenarios tested was very different. This suggests that perhaps the lowest cost alternative is preferable, but it also suggests that demand-side tactics, such as investing in a better regional jobs-housing balance, might be more cost effective.
Planning for a Deviation from Current Developmental Path in McHenry County, IL
In this case, the LEAM PSS assisted planners in convening local stakeholders to discuss and validate each bridge scenario and their potential implications. The user-based process clearly facilitated a regional dialogue and aroused a regional consciousness of the potential spatial and temporal spillover effects. The process also helped challenged conventional thinking about the fundamental needs and benefits of the proposed investment.
In the previous discussion, including environmental assessment in planning processes and decision-making informed a public dialog so that participants had a better appreciation for the future environmental consequences of their public policy and public investment choices [33] . These planning processes however, are essentially forward looking exercises. Many similar processes that do not use PSS technologies rely heavily on projecting existing conditions into the future. They generally fail to capture changing paradigms or emergent behaviors. This often results in the continuation of existing developmental paths.
The use of PSS tools enable a broad range of multi-directional analysis that might be useful in analyzing or planning for structural change-including those needed to address a host of environmental market failures. The idea of backcasting using PSS technologies for example, has been shown effective in sustainable development planning [43] . Deal et al. [44] propose that backcasting from a desirable future state using PSS tools enables planners to step outside current developmental trends to test ideas and reexamine assumptions. Where a forecast projects an image of the future based on a current situation, a backcast starts at a point in time in the future and draws a developmental path back to the current condition. This is useful for plotting a path that responds to "how do we get there" kinds of questions from future states that might not emerge from existing trends.
A LEAM application in McHenry County, IL demonstrates a PSS-led backcasting exercise that helped the county understand how a desired deviation from their current developmental path might be achieved.
McHenry County, IL defines the northwest edge of the seven counties that make up the Chicago metropolitan region. It is approximately 60 miles northwest of downtown Chicago. It has a population of 318,000. Its location and unique natural features create a quality-of-life that is attractive to many. Since 1990, the county's population has grown 40%, averaging 2. [26, 45] .
In 2007, with the help of the State of Illinois Department of Natural Recourses, the LEAM Laboratory began to build a PSS for the County. The original work was designed to assess the potential future implications that urban land use changes would have on the natural resources in the County. It was soon put to use to inform the discourse and test some of potential distortions emerging from their 2030 process [45] . The PSS development process first established a 'reference' or 'business-as-usual' scenario as a baseline for assessing the impacts of various land use policies being discussed. The reference scenario simulated LUC if current growth pattern trends continue to 2030. Other model scenarios were then compared to the reference scenario in order to understand the impact that the tested policies might have on various important county assets. LEAM was coupled with other impact models (as described above) to assess: land-use, water demand, water quality, wetlands, natural areas, agricultural uses, and groundwater protection (the list was determined by county stakeholders). Of particular interest to the County was the loss of important agricultural and ecological lands associated with future growth. These were evaluated linking LEAM to the Land Evaluation and Site Assessment (LESA) modeling framework from the Illinois Department of Agriculture [46] .
The McHenry County Planning board convened more than 10 public meetings made up of a range of public interests, stakeholder groups, government employees and officials, and planners. The process revealed an early, major concern with the projected population forecast for 2030 that was derived using LEAMecon. This was the bellwether issue that underlay a larger conflict on the future of the County between pro and anti-growth advocates; one group of residents hoping to continue the past development trends and environmental groups urging protection of environmentally sensitive and agricultural lands. After lengthy discussions LEAM simulated a range of potential scenarios identified by the County Planning Board (18 prime scenarios) of future land-use patterns. The RPC identified various preferred outcome scenarios [26, 45] . One such scenario, the Compact Contiguous Growth (CCG) composite scenario is shown in Figure 3 . The difference between the reference scenario and the CCG composite scenario is on the left. Areas in blue receive more development in the CCG composite scenario; areas in red receive more development in the Reference scenario. A notable difference is seen in the southwest portion of the County. This is due to a limit that the CCG composite scenario places on the amount of vacant land available in that part of the county. The right shows an urban growth boundary that was also considered as part of the scenario analysis.
Sustainability 2017, 9, 13 12 of 17 development in the Reference scenario. A notable difference is seen in the southwest portion of the County. This is due to a limit that the CCG composite scenario places on the amount of vacant land available in that part of the county. The right shows an urban growth boundary that was also considered as part of the scenario analysis. The spatially and temporally explicit information generated by the LEAM PSS helped the McHenry County Regional Plan Commission (RPC) objectively assess the impacts of their proposed policies. For example, one scenario identified spatial locations where farmland and ecologically sensitive areas were identified as at risk [47] . With LEAM information, the RPC could specify where to set up ecological/agriculture preservation districts to prevent a disruption of the critical areas.
The process represents a typical PSS backcasting exercise. First, a desirable outcome was established-in this case, minimizing agricultural and ecological land losses. Backcasting how to achieve this desirable outcome required an analysis of the complex interactions between a host of variables, so that many multiple model iterations were examined in order to understand exactly what this preservation meant to county stakeholders. Once these were unraveled, a coherent set of policy levers were developed for how these outcomes for the future might be achieved. In this case agriculture productivity was closely tied to the introduction of a new (and also desired) transportation investment (a new interchange conflicted with highly productive agricultural lands). The LEAM PSS provided useful spatially explicit information on where, when, and how to plan for an alternative, desirable future that was just outside current development patterns.
The LEAM PSS enabled a 'continuous planning' process to take shape in the county. The spatial and aspatial data created for the PSS allows the community to continuously interact with the data and models associated with the plan (a visualized interactive tool is shown in Figure 4) . It is now a living comprehensive plan where critical questions can be examined, progress on critical issues can be updated and communicated, and success or failure can be determined and re-assessed. We suggest this type of tool and process are critical for challenging existing (and unsustainable) growth and development practices and challenging the status quo. The spatially and temporally explicit information generated by the LEAM PSS helped the McHenry County Regional Plan Commission (RPC) objectively assess the impacts of their proposed policies. For example, one scenario identified spatial locations where farmland and ecologically sensitive areas were identified as at risk [47] . With LEAM information, the RPC could specify where to set up ecological/agriculture preservation districts to prevent a disruption of the critical areas.
The LEAM PSS enabled a 'continuous planning' process to take shape in the county. The spatial and aspatial data created for the PSS allows the community to continuously interact with the data and models associated with the plan (a visualized interactive tool is shown in Figure 4) . It is now a living comprehensive plan where critical questions can be examined, progress on critical issues can be updated and communicated, and success or failure can be determined and re-assessed. We suggest this type of tool and process are critical for challenging existing (and unsustainable) growth and development practices and challenging the status quo. 
Discussion and Conclusions
In this paper we posit that if environmental impacts are not sufficiently exposed in the planning process, environmental market failures will likely materialize. We note that this can take several forms including: a lack of adequate information, stakeholder discounting, a failure to understand complex interactions, or by following a traditional, growth-oriented path. We argue that the use of dynamic and complex systems models that are able to effectively derive a truer picture of the environmental impacts of a given scenario plan can help offset some of this failure. We then demonstrate how the operational deployment of the LEAM model and PSS in real world planning settings supports this notion. We described several communities that were able to avoid decision traps that could bring about otherwise unseen environmental impacts.
In Peoria, IL we showed that providing useful information on the future consequences of planning decisions help alter stakeholder discounting. From our experience, we conclude that when potential consequences are represented in tangible and objective ways they can challenge habitual ways of thinking and help counteract normative distortions.
In the St Louis, MO metro area, the LEAM PSS assisted planners in convening local stakeholders and facilitating a regional dialogue. This helped raise a regional awareness of the potential spatial and temporal spillover effects and challenged conventional thinking on the proposed investment.
In McHenry County, IL the LEAM PSS enabled a county wide dialogue in a 'continuous planning' process where the data and models associated with the plan can be continuously accessed, 
In McHenry County, IL the LEAM PSS enabled a county wide dialogue in a 'continuous planning' process where the data and models associated with the plan can be continuously accessed, examined, and communicated so that success or failure of each proposed policy can be determined and re-assessed. We conclude this is critical for challenging existing (and unsustainable) planning practices.
The following are some additional observations and lessons learned from our experiences in PSS deployment and environmental assessment.
The Process of Constructing Useful Planning Support Models Is More Important Than the Modeled Results
One important lesson learned is that in order to foster local thought experiments and discussion, it may not be necessary to wait until model results are highly calibrated and fine-tuned. In fact, we argue that planning and decision impact can be more important than model accuracy. Preliminary results that can be presented early in the planning process and are easily modified can serve to ignite regional dialogue. For example, the presentation of both favorable and unfavorable scenarios in terms of environmental impacts would be useful in helping a community understand and articulate their preferences. This articulation can help stakeholders and planners communicate with each other as well as steer policy toward achieving important sustainability goals that are sometimes difficult to express. This does not absolve planners from providing accurate depictions-especially when challenging accepted norms however. At some point in the process reliable and trust worthy information is required. But it does suggest that even 'quick and dirty' results can be very useful when planners, stakeholder representatives, and decision-makers work cooperatively to interpret them through the lens of expertise and local perspective.
The Physical Representation of Information Matters
In operationalizing LEAM, we have been extremely careful about how we represent and display the numerous graphic and visual representations that are created. We take great pains to explain the logic of these representations to stakeholders involved. While we have to this point, limited ourselves to maps and graphs, we have developed a variety of ways to represent spatial and temporal data [42] -roughly adhering to the six I's of Senbel and Church [48] -information, inspiration, ideation, inclusion, integration, and independence. While we recognize that any cartographic representation is necessarily selective truth-telling, we also recognize that visual representations are critical for affecting stakeholder understanding and for unraveling the problem of discounting the future.
User-Driven, Use-Driven, and User-Awareness in PSS Deployment
User-driven models (such as WhatIf? and UrbanSIM) are packaged into software that can be run with some basic skills sets by planners or policy makers. Use-driven models such as LEAM are created for specific projects at specific instances, and sometimes built to answer specific questions. Use-based models involve modelers, contextual experts, and planners to help build operate and explain the models in the planning process. Stakeholders and citizens are also critical to their development and deployment. They provide important, but difficult to obtain local, historical knowledge, insights about local dynamics, and intimate knowledge of local social constructs. They also provide the specific goals and visions for the future that are so essential to the planning and modeling process.
Use-driven and user-driven PSS models are not mutually exclusive however, component pieces of both are useful. For example, user-based interfaces allow non-experts to directly modify model factors according to their understandings of their locality and generate their own results. Modelers should be on hand to interpret those results and facilitate public discussions based on different model results.
User-aware PSSs are a next-generation process that combines use/user-driven PSS models. User-aware PSS can adjust its user-interface to different users (modeling experts or layman users) and communicate diverse user-inputs with each other in the system. This can make future PSS operationalization more democratic and interactive.
Post-Plan Involvement Is Also Important for Operationalizing a PSS
Currently, PSS-generated information is mainly utilized during the pre-implementation phase of the planning process. Although monitoring can be an important component of plan implementation (that sometimes can determine the success or failure of a plan), due to time constraints it is not often feasible for planners to collect new data, look back and analyze previous plans. A next generation PSS might automate this process so that "actual" emerging developments and real-time environmental impacts can be included in development of scenarios and plans. As the time and effort for post-plan monitoring are conserved, planners and modelers can afford additional time with the communities to ensure that implementation can more closely follow the plan intent. This can also be useful in helping stakeholders to understand the dynamic interactions between socio-ecological systems and socio-physical decisions.
The Future of PSS Technology in Environmental Assessment
We see a general need for information and planning systems which current PSS technologies provide do not meet; especially in the area of environmental assessment. We need smart planning support systems that possess basic self-awareness with respect to their data and users. These should be capable of learning, of spatial and temporal reasoning, of understanding system integration rules, and be able to adequately address environmental impacts from a broad perspective. More specifically, and in the spirit of the above, these technologies should be capable of producing reasonable and adequate environmental impact information that can reduce stakeholder spatial and temporal discounting and challenge the traditional and unsustainable status quo.
